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The FK506-binding proteins (FKBPs) are known both as the receptors for immunosuppressant drugs
and as prolyl isomerase (PPlase) enzymes that catalyse rotation of prolyl bonds. FKBPs are charac-
terised by the inclusion of at least one FK506-binding domain (FKBd), the receptor site for proline
and the active site for PPlase catalysis. The FKBPs form large and diverse families in most organisms,
with the largest FKBP families occurring in higher plants. Plant FKBPs are molecular chaperones
that interact with specific protein partners to regulate a diversity of cellular processes. Recent stud-
ies have found that plant FKBPs operate in intricate and coordinated mechanisms for regulating
stress response and development processes, and discoveries of new interaction partners expand
their cellular influences to gene expression and photosynthetic adaptations. This review presents
an examination of the molecular and structural features and functional roles of the higher plant
FKBP family within the context of these recent findings, and discusses the significance of domain
conservation and variation for the development of a diverse, versatile and complex chaperone

Plant family.
Stress response

Phosphorylation
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1. Introduction

The FK506-binding proteins (FKBPs) were initially characterised
as cellular targets for FK506 and rapamycin, macrolides produced
by soil bacteria that are used as immunosuppressant drugs [1,2].
The FKBPs joined the unrelated cyclosporin-binding cyclophilin
(CYP) proteins in the class of immunosuppressant receptors known
as immunophilins [3]. In immune cells, the FK506-FKBP and cyclo-
sporin-CYP complexes interact with the calcium-dependant phos-
phatase calcineurin (CaN), interrupting the phosphorylation
signalling pathway required for expression of genes involved in
immune response, while FKBP-bound rapamycin interacts with
the kinase ‘target of rapamycin’ (TOR), causing cell cycle arrest that
is also immunosuppressive [4]. Another characteristic of the FKBPs
and CYPs is ‘peptidyl-prolyl isomerase’ (PPlase) activity; that is, the
ability to catalyse rotation of the peptide bond immediately pre-
ceding a proline residue between cis and trans configurations
[1,2,5]. The immunophilins share this property with parvulin, a
non-immunophilin PPlase [6].

The FKBPs form large protein families in eukaryotes, the largest
of which occur in higher plants, with 23 isoforms in Arabidopsis
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thaliana [7] and 29 Oryza sativa [8]. Since their initial exploration
two decades ago [9], plant FKBPs have been implicated in a diver-
sity of cellular processes including development, stress response,
transcription regulation and chloroplast function (reviewed in
[10,11]), and yet specific details of FKBP behaviour in plants have
been difficult to pin down. Recent evidence indicates that plant
FKBPs operate primarily as regulators of protein function through
specific interactions with protein ligands, and that variation in
FKBP sequence and structure has facilitated the evolution of a di-
verse family of molecular chaperones. In this review we examine
the growing body of evidence shedding new light on the evolution
and cellular functions of FKBP families in higher plants, and pro-
pose a general role for FKBPs in protein phosphorylation.

2. Domain compositions of plant FKBPs
2.1. The FK506-binding domain

FKBPs are characterised by the inclusion of at least one FK506-
binding domain (FKBd), which is the receptor site for proline and
proline analogues such as FK506 and rapamycin, and the active
site for PPlase catalysis. The FKBd sequence of approximately
110 amino acids (Fig. 1) adopts a well-conserved tertiary struc-
ture [12-14], primarily containing six anti-parallel beta sheets
connected by a number of solvent-exposed loops, one of which
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HsFKBP12 1 MBVQVETISP - - - -« -« - --- EBDERTFPKREQTCVVHYTEVEEDSE - - - KKEDSSRDR - NKPEKEVEGKQE VIR - GWE EGV A
OsFKBP12 1 MGFEKTILKA- - --GTGP -KPVKGQKMTVHCTGFGKDNDLAKKFWS TKDAGQEPFSFENIGQGSV I K - GWDE GV M
AtFKBP12 1 MGVMEKQV IRP - - --GNGP - KPAPGAQTV TVHCTGFGKDGDLSQKFWSTKDEGQKPESFQIGKGAV | K - GWDEGV |
AtFKBP13 13 -GLAFCDKVYV - - --GYGP -EAVKGQAL | KAHYVGKLENG - - -KVIFDSSYNRG - KPL TERIGVGEMIK - GWDQG | L
AtFKBP42 47 LDEKVSKQI IKEGHGSKPSKY - - - - - - - - - - STCFLHYRAWTKNSQ- -HKFEDTWHEQQ-PIELVLGKEKKELAGLA | GVA
wFKBP73_| 33 GEENE/|GKQ-GLKKKLLKEGEGWDTPEV - -GDEVEVMHYTGTLLDG - - -KKFEDSSRDRDD - TEKFKLGQGAM K - GWDQG | K
wFKBP73_1l 149 - SVRDIIIAKDGG| FKK | LKEGDKWENPKD - -PDEMFVMKYEARLEDGTVV - - - - - KSE- - -GVEFTVKDGHLCP -ALAKAMK
wFKBP73_lll 267 - -MTEII/GDDKK | LKKVIEKEGEGYERPNE - -GAVMTVK I TGKLQDGTV - - -FLKKGHDEQEPFEFKTDEEAMIE -GLDRAML

80s
_P2_ B3

HsFKBP12 Q------ MSVGOQRAKLTISPDYAYGATGHPGI - - - - - - - |PPHATLVFDVELLKLE 108
OsFKBP12 n------ MQVGEVAR I QCTPDYAYGASGFPAWG - - - - - - |RPNSVLVFEIEVLSAQ 112
AtFKBP12 G------ MQI| GEMARLRCSSDYAYGAGGFPAWG - - - - - - IQPNSVLDFEIEVLSVQ 112
AtFKBP13 GSDGIPPMLTGGKRTLRIPPELAYGDRGAGCKGGSC - -LIPPASVLLEDIEY I GKA 129
AtFKBP42 SMKSGE - - - - - - RALVHVGWELAYGKEGNFSFPN- - - - - VPPMADLLYEVEV IGFD 159
wFKBP73_| TMKKGE - - - - - - NALFIRERREEAYGE SGSBPT - - - - - - - I|PANATLQFDVELLSWT 148
wFKBP73_lI TMKKGE - - - - - - - - KMLLAVKPQYGFGEMGRPAAGEGGAVMPPNASILY IDLELVSWK 265
wFKBP73_lII NMKKGE - - - - - - VALVTIPPEYAYGS TESKQDA - - - - - IMPPNSTV | YEMELVSFV 384

Fig. 1. Amino acid alignment of FK506-binding domains. Domains aligned are from FKBP isoforms of Homo sapiens (HsFKBP12; Genbank Accession NP_463460.1), Oryza
sativa (OsFKBP12; LOC_0s06g27970), Arabidopsis thaliana (AtFKBP12; LOC_At5g64350, AtFKBP13; LOC_At5g45680, AtFKBP42; LOC_At3g21640) and wheat (WFKBP72
domains [, II and III taken from PDB accession 3JYM [72]). Bolded numbers indicate the position of the first and last residues in the original FKBP sequence. Bars span alpha
helix (o) and beta sheet (B) regions of the tertiary structure of H. sapiens FKBP12 (PDB Accession 2PPN; [79]). Brackets show the loop regions as labelled. Shaded residues are

identical, dashes indicate gaps in the alignment.
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Fig. 2. The archetypal FK506-binding domain structure. Crystal structure of H.
sapiens FKBP12 tertiary structure (PDB Accession 2PPN; [79]) showing beta strands
(blue), helices (red) and loops (white), which are labelled in correspondence with
Fig. 1. Five hydrophobic residues at the FKBd core are coloured and labelled
according to their positions in HsFKBP12.

contains a short alpha helix (Fig. 2). The beta sheets form a con-
cave surface opposite the helix and hydrophobic sidechains pro-
jected towards the protein core create a hydrophobic cavity that
accommodates proline [15]. The loops, designated the 30s, 40s,
50s and 80s loops according to their location in archetypal FKBP
sequence (Fig. 1), interact with substrates bound at the FKBP ac-
tive site and also with secondary proteins bound at the FKBd
periphery, such as CaN and TOR in mammals (reviewed in [16]).
Despite strong conservation of the FKBd, a sizeable proportion
do not bind drug ligands and lack any measurable PPlase activity
(see Table 1), suggesting an alternative primary function for this
domain that is discussed below.

2.2. Multidomain FKBPs

Plant FKBPs range in size from the 12 kDa isoform in Arabidop-
sis (AtFKBP12), comprising a single FKBd [17], to the 77 kDa iso-
form found in wheat (WFKBP77) [18]. Large FKBPs in plants and
other species contain functional domains in addition to the oblig-
atory FKBd, which is often repeated three times in tandem (Fig. 3
and Table 1). Also common are tetratricopeptide repeat (TPR) units
that form anti-parallel alpha-helical domains, commonly providing
the site for interaction with the large multipurpose heat shock
chaperone HSP90 [19]. Calmodulin (CaM)-binding domains (CaM-
Bds) frequently occur at the C-termini of large plant FKBPs and
have been shown to actively bind the calcium sensor CaM
[20,21]. The specific role of calcium signalling in the functioning
of plant FKBPs has not been demonstrated, although CaM is a com-
plex regulator of one mammalian FKBP that governs both HSP90
interaction at adjacent TPRs and substrate binding at the distal
FKBd [22], suggesting similar calcium regulation may be possible
for some multidomain FKPBs in plants.

3. Functional roles of plant FKBPs
3.1. Duplicated FKBPs in stress response

The multidomain isoforms FKBP62 and FKBP65, more com-
monly known as ROF1 and ROF2, respectively, share 85% identity
in Arabidopsis [19,23] and comprise one of several sets of homol-
ogous FKBP duplicates found in plant genomes. Breiman and
co-workers [24,25] discovered that ROF1 and ROF2 work antago-
nistically in the development of long-term tolerance to high tem-
perature in Arabidopsis by modulating the expression of several
small heat shock proteins (sHSPs) involved in recovery from heat
stress. ROF1 binds via a TPR to HSP90, which in turn binds the heat
shock transcription factor HsfA2 and the ROF1-HSP90-HsfA2 com-
plex is then translocated to the nucleus where it induces expres-
sion of sHSPs and ROF2 [24]. ROF2 interrupts the nuclear ROF1-
HSP90-HsfA2 complex by binding to ROF1 at its FKBd, thereby
down-regulating sHSP expression during the recovery phase after
heat shock [25]. Knockout of rof1 severely compromised the plants’
ability to cope with high temperature after a prolonged period of
recovery (2-3 days) following initial heat shock, similar to the ef-
fect of HsfA2 knockout, while rof2 mutants and plants over-
expressing ROF1 acquired better long-term heat tolerance than
the wild type [24,25]. ROF2 was recently implicated in regulating
intracellular pH and membrane polarity by controlling K* ion
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